A method for isolating A spermatogonia from the adult vitamin A-deficient (VAD) rat testis is described. After removal, the testes were decapsulated and tubules were dissected. An enzymatic digestion with collagenase, hyaluronidase, and trypsin was performed first to eliminate most of the interstitial cells. A second digestion with collagenase and hyaluronidase was performed to obtain a cell suspension with a high number of A spermatogonia. The cell suspension was further enriched with A spermatogonia by preplating on peanut agglutinin and separating on a discontinuous Percoll gradient. By this procedure, purification of the suspension to 70-90% A spermatogonia was obtained.
INTRODUCTION
Spermatogenesis is a complex process encompassing proliferation, differentiation, and maturation of more than 20 different subsequent cell types. For studying the biochemical characteristics of these cells, methods of purifying the individual cell types are a prerequisite.
The cyclic process of spermatogenesis starts with A spermatogonia. According to Huckins [1] and Oakberg [2] , the population of A spermatogonia can be divided into undifferentiated A,, Apr, and Aal spermatogonia, and differentiating A 1 -A 4 spermatogonia. During stages XI-II of the cycle of the seminiferous epithelium, the undifferentiated A spermatogonia proliferate actively; they subsequently become arrested during stages III-VII. After this arrest, most will differentiate into Al spermatogonia. These Al spermatogonia then go through a series of six divisions to form spermatocytes, which, after meiotic division, give rise to spermatids.
To date, methods are available to isolate type A sper-matogonia from testes of immature mice [3] and immature rats [4] [5] [6] . In the immature testis, as in the adult, undifferentiated A spermatogonia as well as differentiating A spermatogonia are present at the same time. Hence by using immature testes, a mixture of all types of A spermatogonia will be obtained. In order to circumvent this problem, we now have developed a method in which the testes of vitamin A-deficient (VAD) rats are used as starting material.
In the VAD rat testis, loss of germ cells has taken place [7, 8] , and spermatogenesis is arrested at the level of A spermatogonia; some preleptotene spermatocytes also remain present [9] [10] [11] [12] . For some time it has been a matter of debate in which phase of the cell cycle these A spermatogonia are arrested, with G 1 phase [11] , S phase [12] , and G 2 phase [10] each being proposed. Our recent data [13] have clearly shown that, at least in our experimental system, the great majority of A spermatogonia in the VAD testis have a DNA content of 2n and therefore are arrested in the G 1 phase. It is our working hypothesis that these A spermatogonia are arrested before the transition point of undifferentiated type A spermatogonia into the first generation of differentiating A spermatogonia, the Al spermatogonia. After administration of vitamin A, spermatogenesis restarts synchronously [14] from A spermatogonia [10] [11] [12] [13] 15] . A method of isolating A spermatogonia from the VAD testis will be very helpful in investigating the regulation of the process of differentiation and proliferation of A spermatogonia. For this isolation, we used a combination of enzymatic digestion and gentle mechanical dissociation to remove the interstitial cells, followed by peanut agglutinin (PNA) binding to remove most of the spermatocytes, and a further separation of the cell suspension by Percoll as a density gradient-forming agent.
MATERIALS AND METHODS

Animals
Pregnant Wistar rats (19 days postcoitum) were fed a vitamin A-deficient diet (Teklad Trucking, Madison, WI). Male offspring received the same diet until their body weight decreased at about 8-11 wk of age. At this time of vitamin A deficiency, 2-4 animals were killed and their testes were removed for isolation of A spermatogonia.
Reagents
All washing steps and enzymatic digestions were done in minimum essential medium Eagles's (MEM; Gibco Lifetechnology, Paisley, Scotland) supplemented with 0.12% sodium bicarbonate, 4 mM L-glutamine (both from Sigma, St. Louis, MO), single-strength nonessential amino acids, 100 IU/ml-100 g/ml penicillin-streptomycin, 40 pig/ml gentamicin, 15 mM HEPES (all from Gibco). Other reagents were DNase I (Boehringer, Mannheim, Germany), hyaluronidase type II 450 U/mg, BSA fraction V (all from Sigma), trypsin TRL 210 U/mg, collagenase CLS 213 U/mg (both from Worthington, Freehold, NJ), PNA (Vector Laboratories, Burlingame, CA), and Percoll with a density of 1.129 g/ml (Pharmacia Biotech AB, Uppsala, Sweden).
Preparation of Cell Suspension
Testes of 2-4 VAD animals were decapsulated, and the tubules were teased apart with forceps in MEM containing 5 plg/ml DNase. After being washed three times by sedimentation with MEM, they were incubated in 20 ml MEM containing 5 pxg/ml DNase, 1 mg/ml hyaluronidase, 1 mg/ml trypsin, and 1 mg/ml collagenase for 15 min. After the tubular fragments were repeatedly pipetted and washed by sedimentation in MEM, a second incubation was carried out in MEM with 5 lug/ml DNase, 1 mg/ml hyaluronidase, and 1 mg/ml collagenase for 30 min. After repeated pipetting, tubular fragments were centrifuged at 30 x g for 2 min. Cells in the supernatant were collected, filtered through 77-and 55-pum screens, and used for further cell separation. All incubations were performed in a shaking water bath (60-80 cycles/min) at 32 0 C.
Localization of PNA Binding Sites on Isolated Cells
The localization of PNA binding was performed on freshly isolated cells in suspension. The cells were incubated in 0.2 mg/ml PNA-fluorescein isothiocyanate (FITC)-conjugated (E.Y. Laboratories, San Mateo, CA), 1% BSA and 0.01% sodium azide in PBS containing calcium and magnesium (PBS+) for 1.5 h at 4°C. Samples were washed twice in PBS+ at 4C and examined by fluorescence and Nomarski interference microscopy.
Cell Separation by PNA Binding
Petri dishes with a diameter of 60 mm were coated with 3 ml 100 ,ag/ml PNA in PBS+ for at least 1 h at 37°C. Then dishes were washed three times with MEM containing 0.5% BSA. The dishes were stored with MEM containing 5 pxg/ml DNase for at least 1 h at 37 0 C. Cells were incubated in these dishes 5-25 million/dish for 1.5 h at 34°C in an atmosphere of 5% CO 2 in air. After the binding to PNA, nonbinding cells were collected by repeated washing of the dishes with a pipette. The collected cells were used for further cell separation on a density gradient.
Cell Separation with a Discontinuous Density Gradient
An iso-osmotic Percoll suspension was prepared containing 82.2% Percoll in MEM (without additives), 0.6% BSA, and 45 Vtg/ml DNase. A discontinuous density gradient was made by diluting the iso-osmotic Percoll suspension with MEM, 0.7% BSA, and 50 lug/ml DNase. The percentages of Percoll with respective densities are given in Figure 1 . The gradient was built up in a polypropylene tube (round bottom; 100 mm long; outer diam. 17 mm, inner diam. 14 mm) by use of a Minipuls pump (Gilson, Villiers-Le-Bel, France) with 1 ml of each Percoll density suspension (Fig. 1) . The cell suspension was layered on top of the gradient in 500 ,ul MEM, 0.7% BSA, and 50 Rg/ml DNase. The gradient was centrifuged at 800 x g for 30 min at 18°C. Cells found in the interface between the different-density suspensions were collected as fractions 1-10 ( Fig. 1) . 
Cell Counting and Identification
During the whole procedure, the cell suspensions were examined by Nomarski interference microscopy (Zeiss, Oberkochen, Germany) to determine the percentage of A spermatogonia. The number of cells was determined with a Burker hemocytometer (Lam6ris Instruments BV., Utrecht, The Netherlands). The criteria used for identification of A spermatogonia by Nomarski interference were comparable to those for identification of gonocytes [161: large, round cells with a spherical nucleus, a sharp nuclear membrane, several (1-3) relatively large nucleoli, a high nucleus:cytoplasm ratio, and many cytoplasmic inclusions mostly concentrated at one side of the cell. Further, cells were fixed in Bouin's fluid or methanol/acetic acid (3:1) on poly-Llysine-coated slides. Cells fixed in Bouin's fluid were stained with periodic acid-Schiff stain and hematoxylin (Mayer); cells fixed in methanol/acetic acid were stained with Giemsa stain. For identification of fixed A spermatogonia, the criteria of Bucci et al. [4] were used: A spermatogonia fixed in Bouin's fluid have large and finely grained nuclei containing weakly stained chromatin and two large, pale nucleoli, and a thin rim of grey-green cytoplasm; A spermatogonia fixed in methanol/acetic acid have interconnecting networks of darkly stained chromatin fibers or finely stippled chromatin and two nucleoli: one central and one membrane-bound.
Viability of Cells in Culture
The A spermatogonia isolated from VAD rat testis were cultured for 3 days at 34°C in an atmosphere of 5% CO 2 in air. Substrates used to culture these cells were laminin on poly-L-lysine (both from Sigma), matrigel, and growth factor-reduced matrigel (both from Collaborative Biomedical Products, Bedford, MA). Coating with poly-L-lysine was done for 2 h at a concentration of 100 lug/ml. After being dried overnight, the wells were coated with 20 pxg/ml laminin for at least 5 h, all at 37°C. Coating with matrigel, 
of ice-cold wells. Then the wells were dried 30 min at room temperature and at least 2 h at 37°C. To keep the cells VAD, they were cultured in MEM with or without 5% serum isolated from VAD rats. Viability of the cells was determined on freshly prepared isolated cells and after 0.5, 24, 48, and 72 h of culture by the trypan blue dye exclusion test.
RESULTS
Enzymatic Digestions
Before each cell separation, cells need to be isolated and collected as single cells. In the adult testis, Sertoli cells are interconnected with tight junctions. For isolation of A spermatogonia from the adult VAD rat testis, this structure is preferably kept intact. For that reason, the total time of enzymatic digestions is kept short to ensure that most of the Sertoli cells remain connected in clusters by their tight junctions and to eliminate them by centrifugation and filtration. The first step is to remove the interstitial cells. Enzymatic digestion with collagenase alone, collagenase/dispase, collagenase/hyaluronidase, or collagenase/dispase/hyaluronidase was not sufficient; only trypsin in combination with collagenase and hyaluronidase provided good results. After a second enzymatic step with collagenase and hyaluronidase, a total cell suspension was obtained containing 25-35% A spermatogonia (Figs. 2a and 3a) .
Localization of PNA on Isolated Cells
The capacity of germ cells to bind PNA was determined by incubation of the total cell suspension with FITC-labeled PNA. Cells were examined by fluorescence and Nomarski interference microscopy. In the total cell suspension, no fluorescence was found on A spermatogonia; only spermatocytes showed binding of the FITC-labeled PNA (Fig.  2) .
Cell Separation
To increase the number of A spermatogonia in the total cell suspension, binding of the cells to PNA was performed to eliminate spermatocytes. The cell suspension collected after this PNA binding contained 30-45% A spermatogonia. This cell suspension was separated further on a discontinuous Percoll gradient (Fig. 1) . Fractions 3 and 4 contained the highest number of A spermatogonia. This procedure was carried out at least 9 different times, resulting in a percentage of A spermatogonia for fraction 3 of 76 ± 6.5% (mean ± SD) and for fraction 4 of 80 ± 6.1% (means ± SD). No morphological differences were found between the A spermatogonia in the two fractions. However, sometimes multinuclear A spermatogonia were found, more frequently in fraction 4 than in fraction 3. Figure 3 , b-d, shows purified A spermatogonia. The average yield was 1 x 105 A spermatogonia/testis. On average, one fifth of the contaminating cells in fraction 3 consisted of Sertoli cells and the rest of peritubular cells. In fraction 4, the contaminating cells were peritubular cells, except for an occasional Sertoli cell.
The same procedure was used to isolate A spermatogonia from the testis of VAD rats 1 and 3 days after administration of vitamin A. The A spermatogonia from those testes could be isolated with the same efficiency and purity. These isolation experiments were done twice, with the highest percentage of A spermatogonia in fraction 4 80% and 89% on Day 1 and 85% and 90% on Day 3.
Cell Culture
The A spermatogonia isolated from VAD testes were cultured for 3 days on either laminin/poly-L-lysine, matrigel, or growth factor-reduced matrigel. To keep the cells VAD, they were cultured in MEM with or without the addition of VAD rat serum. The percentage of cells excluding trypan blue dye was high after the separation procedure (95-99%; Fig. 4) . However, these cells seemed to be vulnerable since after only 30 min of culture in MEM the percentage of trypan blue-negative cells was only about 55-65% and after 3 days about 25-30% (Figs. 4 and 5a) . When cultured in MEM supplemented with VAD rat serum, the viability of the cells remained high: after 3 days the percentage of trypan blue-negative cells was more than 95% and in some cultures even 100% (Figs. 4 and 5b) . No differences were found between the substrates laminin, matrigel, and growth factor-reduced matrigel (Fig. 4) . The culture as a whole did not change morphologically during the first 3 days. As at the start of the culture, after 3 days the great majority of the cells in the culture were also A spermatogonia, characterized by their relative largeness and rounded shape. Peritubular cells and Sertoli cells showed a quite different morphology: they flattened and spread out shortly after they had been put into culture. These cells were still relatively rare after 3 days (Fig. 5) . x285 (a,b), x1525 (c,d) .
DISCUSSION
In this paper, for the first time a method is described to isolate very early, synchronized A spermatogonia from the adult VAD rat testis. Until now, early A spermatogonia have been isolated only from immature animals [ adult VAD testis for the isolation of A spermatogonia. First, the VAD testis has a reduced number of types of A spermatogonia, as type A 2 -A 4 spermatogonia are absent [10] . Second, the A spermatogonia in the VAD testis are almost all arrested in the G 1 phase of the cell cycle before the S phase of Al spermatogonia [11, 13] and probably before their differentiation into Al spermatogonia [13, 17, 18] . Therefore, the isolation of the A spermatogonia from the VAD testis offers the opportunity to investigate the regulation of differentiation and proliferation of synchronized early A spermatogonia in vitro.
To isolate A spermatogonia from VAD rat testes, the seminiferous tubules were dissected, and an enzymatic digestion including trypsin was performed to remove most interstitial cells. After a second enzymatic digestion, a single cell suspension was obtained containing 25-35% A spermatogonia. A further separation of cells was performed using lectins. Maekawa and Nishimune [19] found that in the mouse the lectin PNA has binding sites in the testis specific for germ cells. However, in the VAD testis only spermatocytes showed binding sites for PNA. Therefore, this lectin was used to selectively eliminate this cell type. Further enrichment of A spermatogonia was obtained by density gradient centrifugation, using a discontinuous Percoll gradient. Although the procedure to isolate A spermatogonia takes about 5-6 h, the viability of the cells is still very high. This makes these cells suitable for analysis of mRNA expression and protein synthesis. Because some contamination with Sertoli cells and peritubular cells cannot be avoided, the results obtained must be checked with enriched fractions of these contaminating cells or by immunocytochemical/in situ hybridization techniques for their specificity for A spermatogonia. In order to further characterize the cells, it will be interesting to study their c-kit expression. Results of Manova et al. [20] and Yoshinaga et al. [21] suggest that undifferentiated type A spermatogonia do not express the c-kit receptor. Without coculture with Sertoli cells, the viability of the isolated cells cultured in MEM supplemented with VAD rat serum is still more than 95% after 3 days. Presently we are investigating which culture conditions induce proliferation of isolated A spermatogonia by addition of vitamin A and/or various growth factors to the culture.
In the VAD testis, spermatogenesis is arrested before the S phase of A 1 spermatogonia [11, 13] . When VAD animals receive vitamin A again, spermatogenesis is reinitiated with the formation of At spermatogonia, which synchronously enter the S phase [11, 13, 17] and subsequently divide into A 2 spermatogonia [10, 12, 13] . The present method can also be used to isolate A spermatogonia from testes of VAD animals 1 or 3 days after vitamin A administration with the same efficiency and purity. In that case, the great majority of the A spermatogonia are of the differentiating type and in another part of the cell cycle. After 1 day of vitamin A administration, most A spermatogonia are Al spermatogonia in the S phase of the cell cycle, and after 3 days these A l spermatogonia have synchronously divided into A 2 spermatogonia, some of which are already in the S phase of the cell cycle [11, 13] . Therefore, this isolation procedure, using the VAD testis as starting material, also opens a way to investigate the biochemical characteristics of each of the subsequent types of differentiating A spermatogonia.
Recently, a new method has been described to transplant spermatogonial stem cells into testes lacking germ cells [22] [23] [24] . These stem cells appeared to be able to give rise to repopulating colonies in the empty tubules of the host.
As starting material for transplantation, germ cells from immature animals were used. The present method allows isolation of a population of cells that will contain a higher percentage of stem cells, since differentiating type A 2 -A 4 spermatogonia are lacking in the VAD testis. Moreover, these isolated cells can be cultured for a few days without loss of viability, which allows genetic manipulation before transplantation.
